The muscarinic acetylcholine receptor (mAChR) is a member of a class of neurotransmitter and hormone receptors which can activate more than one type of transmembrane signalling system. In the case of the mAChR, established mechanisms include (a) GTP-binding-proteinmediated inhibition of adenylate cyclase (Jakobs et al., 1979) , (b) stimulation of the breakdown of triphosphoinositides (Jacobson et al., 1985) , and (c) the opening of a certain category of K+ channels (Soejima & Noma, 1984) . In each of these cases, there is evidence for the activation of distinct membrane-bound effector species by the agonistreceptor complex.
The mAChR thus provides an example of a divergence of biochemical action at the level of effectuation of the response. The converse situation is also common, an example being the convergence of mAChR, crl -adrenoceptors and substance P receptors on the same pool of mobilizable intracellular Ca2+ in parotid gland cells (Putney , 1979) .
A likely implication of such functional diversity is that receptors such as the mAChR are, essentially, modular constructs, in which ligand-binding domains of different specificities exposed on the extracellular surface are linked to distinct effector recognition domains, or catalytic sites exposed to the intracellular milieu. Appropriate structural analogies may be provided by tyrosine kinases such as the epidermal growth factor and insulin receptors (Ullrich et al., 1984 (Ullrich et al., , 1985 , by proteins of the major histocompatibility complex (Hood et al., 1982) or by immunoglobulins (Tonegawa, 1983) . Conformational differences in the ligand-binding site induced by linkage to a variety of effector recognition sites might provide an explanation for the origin of the 'subtypes' detectable by selective ligands, in the case of the mAChR, by the selective antagonist pirenzepine (Pz) (Hammer et al., 1980; . However, conformational effects on the ligandbinding site could equally result from differences in effector coupling, or tissue-specific post-translational modifications, thus leading to the appearance of pharmacological subtypes without recourse to differences in the primary structure of the receptor.
Convincing differentiation between these possibilities requires structure determination, and in particular the primary amino acid sequence of the receptor. This provides a major impetus for the purification, partial sequencing and cloning of receptors such as the mAChR. Further stimulus is provided by the prospect of obtaining monoclonal antibodies directed against different parts of the receptor sequence which may be used to detect structural homologies between different receptors and their subtypes (Andre et al., 1984; Venter et al., 1984) , and which hold out the prospect of detailed immunohistochemical studies of receptor localization. To this end, we have purified the mAChR from rat forebrain by a straightforward procedure which exploits the properties of the o-atninobenzhydryAbbreviations used: mAChR, muscarinic acetylcholine receptor; Pz, pirenzepine; ABT, o-aminobenzhydryloxytropane; NMS, Nmethylscopolamine; PrBCM, propylbenzilylcholine mustard; SDS, sodium dodecyl sulphate; CCh, carbamoylcholine.
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$To whom correspondence should be addressed. loxytropane (ABT)-affinity gel developed by Haga & Haga (1983) .
Solubilization of the mAChR in digitonin with no pro teoly sis
The starting point for purification was an EDTA-washed membrane fraction from rat forebrain containing a mAChR concentration of about 1 pmol/mg of protein, whose preparation has been described previously . mAChRs were solubilized in 30% yield by stirring membrane preparations (4.5 mg of protein/ml) wch 1% digitonin in 20 mM-sodium Hepes buffer, pH 7.5 at 4 C, for 30min. as described previously (Berrie et al., 1984a (Berrie et al., ,b, 1985 . After centrifugation, the solubilized receptor was readily assayed either by binding of N- [3H] methylscopolamine (NMS; Berrie et al., 1984a Berrie et al., ,b, 1985 or by alkylation with [3 H]propylbenzilylcholine mustard (PrBCM) followed by SDS/polyacrylamide-gel electrophoresis, which led to the indentification of the 70-80 kDa peak previously described in membranes (see, e.g., Birdsall et al., 1979; Dadi & Morris, 1984) . The digitonin supernatant contained 1 .O-1.5 pmol of mAChR/mg of protein.
To retard proteolysis, a cocktail of inhibitors was added before solubilization. This consisted of phenylniethanesulphonyl fluoride (5 x M), leupeptin, chymostatin, anti ain, aprotinin (all 5.0 x low6 g/ml), pepstatin (5.0 x 10-g/ml) and EDTA (1 0-3 M). The addition of EDTA was essential to obtain undegraded mAChR from the purification procedure. This combination of inhibitors prevented the degradation of the 80 kDa receptoor peak in the soluble preparation for more than 2 days at 4 C
Synthesis and properties of ABT-Sepharose
The potent antagonist ABT was synthesized from 0-aminobenzhydrol and tropine as described by Haga & Haga (1983) . ABT was coupled to epoxy-activated Sepharose 6B at pH 11 or 12.5. Unreacted epoxide groups were either capped with ethanolamine (Haga & Haga, 1983) or allowed to hydrolyse. The resultant gels were thoroughly washed to remove unreacted ABT.
The specificity of mAChR uptake on to the gels, and hence their utility in purification, was strongly dependent on the conditions 'used for coupling. At pH 11 .O, higher levels of ABT (8 pmol/g wet weight) were immobilized than at pH 12.5 (3 pmol/g wet weight) in agreement with a lower rate of competing hydrolysis of the epoxide groups. However, uptake of receptor on to gel coupled at pH 11.0 was not prevented by blockade of the receptor binding site with NMS, and was thus non-specific, while SDS/ polyacrylamide-gel electrophoresis revealed that the gel took up large quantities of protein by an ion-exchange mechanism. Coupling at pH 12.5 yielded gels with greatly improved specificity, the best results being provided by the uncapped gel, emphasizing the importance of minimizing the concentration of ionic groups present. Even so, the suppression of non-specific ionic interaction required the presence of NaCl concentrations of 75 mM or higher.
In the presence of 75 mM-NaC1, uptake of 40% of the mAChR-binding activity was obtained after 4 h incubation at 4°C with a gel/supernatant ratio of 1 : 50 (Fig. la) . The maximum binding capacity of the gel was only 50pmol/g wet weight, suggesting that the fraction of immobilized ABT molecules in a conformation favourable to receptor binding is extremely small. The reason for this is not understood.
Elution of mAChR from ABT-Sepharose with NMS
Entrapped protein was removed from the loaded affinity gel by pouring it into a column and washing with a large . p excess (20~01.) of buffer containing 0.1% digitonin and 75 mM-NaC1. Initial experiments showed that it was possible to elute the receptor by the addition of 10-6M-[3H]NMS to the eluting buffer. However, the rate of elution was very slow, so a strategy of batchwise elution was adopted, using a gel/supernatant ratio of 1 : 10. Elution for up to 48 h was required to obtain 40% recovery of the bound receptor from the gel (Fig. 1) . Protein assay (fluorescamine) showed a urification of 400-fold (mAChR specific activity 420 p m o l L g of protein), a value similar to that reported by Haga & Haga (1983) but far from the value of about 10 nmol/mg of protein expected for the pure mAChR. SDS/polyacrylamide-gel electrophoresis followed by silver staining, or radioautography of '251-labelled preparations, confirmed that there were many contaminating proteins present after a single round of affinity chromatography (Fig. 2 ). 
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Proteins were labelled with '''1 and run on 7% polyacrylamide gels at pH 7.0.
Preliminary chromatography on DEAE-Sephacel removes the bulk of the contaminating proteins
As previously noted, the ion-exchange properties of ABT-Sepharose are responsible for the bulk of the nonspecific binding of contaminants, suggesting that a preliminary round of ion-exchange chromatography on DEAE-Sephacel might remove them. The mAChR was almost completely retained on DEAE-Sephacel equilibrated in 20mM-sodium Hepes/O.l% digitonin/ 1 mM-EDTA up to a ratio of 5 vol. of supernatant to 1 vol. of gel. Application of a gradient of NaCl eluted a minor peak (about 30%) of binding activity at 70 mM-NaC1, the concentration which elutes the porcine atrial mAChR (Peterson et al., 1984) . However, the bulk of the receptor eluted in the range of 150-300mM-NaC1, and was separated from much of the protein, providing a modest degree of purification (1.5-2-fold).
Active fractions were pooled, excluding strongly retained proteins, which might also be expected to bind strongly to ABT-Sepharose by an ionexchange process. Application of the pooled DEAE eluate to ABT-Sepharose (without reduction of the NaCl concentration) gave uptake of 50-60% of the mAChR, perceptibly higher than with the crude supernatant. Elution with 1 0 -6~-N M S in the presence of 200mM-NaC1 and 0.1% digitonin proceeded with a yield of 3 0 4 0 % . A little further purification was obtained by 5-fold concentration and re-application to the affinity gel in the presence of 10-6M-NMS, allowing the uptake of some minor contaminants, but not the mAChR. The resultant mAChR activity was about 2250pmol/mg of protein. SDS/ polyacrylamide-gel electrophoresis of this material revealed three major, and several minor, polypeptides (Fig. 2) , one of the major polypeptides having an apparent molecular weight of 80 kDa.
A second round o f affinity chromatography yields pure receptor
The failure of the major contaminant polypeptides to re-bind to ABT-Sepharose in the presence of 1 0-6 M-NMS suggested that a second round of affinity chromatography might be profitable. This necessitated removal of the eluting ligand, which was difficult in the case of NMS because of its high affinity (Kd < ~O-'M) and low dissociation rate constant. An alternative tactic was to use a low-affinity ligand as eluant in the first ABT-Sepharose step. To this end, we explored the use of the agonist carbamoylcholine (CCh; lo-' M ) which provided an excellent recovery of receptor (60-90%) and was readily removed by gel-filtration and dialysis (cf. Peterson et al., 1984) . Factors contributing to the higher efficacy of CCh as eluant compared with NMS may be: (1) higher ionic strength, (2) production of an agonist-induced conformational change in the receptor, hindering rebinding, and (3) binding to the gallamine site identified in previous studies (Stockton et al., 1983) . SDS/polyacrylamide-gel electrophoresis after one round of affinity chromatography indicated that CCh eluted about eight times the amount of protein eluted by NMS, including several additional major polypeptides.. However, when the eluate was re-applied to fresh ABTSepharose after concentration and removal of CCh, the major contaminants did not rebind, whilst about 70% of the mAChR binding sites were taken up.
Re-elution with 1 0 -6~-N M S or lO-'M-CCh gave a recovery of up to 70% of the bound mAChR in an active form. SDS/polyacrylamide-gel electrophoresis showed a single predominant polypeptide species with the same electrophoretic properties as the [3H]PrBCM-labelled mAChR (Fig. 3) together with a less abundant species of molecular mass about 120 kDa, which may correspond to the dimeric species reported by Dadi & Morris (1984) . obtain 100-180 pmol of purified receptor, quantities sufficient to permit partial sequence analysis.
Binding properties of the purified mAChR Both the antagonist-and agonist-binding properties of the affinity-purified rat forebrain mAChR were similar to those of the initial supernatant. In particular, the stereoselectivity of agonist binding was retained. However, whilst high-affinity binding sites for the selective antagonist Pz were predominant in the initial supernatant (56% of total, Berrie et al., 1985), they were virtually absent from the purified preparation (15% of total). Both high-and lowaffinity Pz sites are taken up on to the gel, but, as we have recently shown (Berrie et al., 1985) , there is selective instability of the high-affinity Pz sites, which may therefore be lost during purification.
Conclusion
The mAChR from rat forebrain has been solubilized in digitonin and purified to near-homogeneity by ionexchange chromatography followed by repeated affinity chromatography on ABT-Sepharose. The overall yield was 10-15% of the mAChR content of the inital supernatant. phonic acid (Chaps) (Lerner et al., 1981; Lew etal., 1981; Madras et al., 1981; Wheatley & Strange, 1983) . However, solubilization yields were generally rather low, hardly ever exceeding 20%.
S2 -serotonin receptors were solubilized for the first time from rat frontal cortex using the natural detergent lyso- al., 1984) . However, for all species, solubilization yields were very low (4-6%). After solubilization with a suitable detergent, purification of the receptor protein represents probably the most difficult step in the characterization process. Since as a rule, classical protein purification techniques (eg. gel filtration, ion-exchange chromatography, etc.) failed to purify detergent-solubilized receptors, affinity chromatography appeared to be the most suitable alternative. This technique Vol. 13
